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o First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination



V,LLHVQ

% _—im?2
‘ UM3€ zm3L/2EU
% _—im?2
€3+UM2€ zmQL/QEU
e2 T “ e~ imi
UM1€ zmlL/QEU 2
el |



VMHVG

.9 .2 .2
x —amal /2K x —amsL /2K x —imiL/2F 2
| Usge "M3E2EY 5 4 Utye Ml 2EY o 4 U e PR

use unitarity to eliminate U, U,y term:

Py, —v.) = |2U;3U€3 sin Agje "232 4 QU;QUQQ sin A21‘2



VMHVG

.9 .2 .2
x —amal /2K x —amsL /2K x —imiL/2F 2
| Usge "M3E2EY 5 4 Utye Ml 2EY o 4 U e PR

use unitarity to eliminate U, U,y term:

Py, —v.) = ]2U;3U€3 sin Agje "232 4 ZU:QUQQ sin A21‘2

] /

Atmospheric 6m2  Solar dm/?



\’%\;’ VM — Ve

Py—>e ~ | \/Patme_i(A32::6) _l_ V Psol ‘2

Aij = 0m2,L/4AE CP violation !l

where \ Patm — sIn (923 SIn 2(913 SIn Agl
and \ Psol — COS (923 SIn 2(912 SIn Agl



\’%\;’ VM — V@

\2¢

PN—>e ~ | \/Patme_i(A?’z:i& + V Psol ‘2

Ai; = 0m2,L/AE CP violation !l

where \ Patm — sin (923 SIn 2(913 SIn Agl
and \ Psol — COS (923 SIn 2(912 SIn Agl

Pp,—>e ~ Patm _I_ 2\/Pathsol COS(ASZ ]

only CPV

cos(As2 =60) = cosAzycosd F sin Asysind




Py, —ve) = |y Poime 129210 4 /P, |?

For L = 1200 km
and sin® 26,5 = 0.04

0.10

0.08 P_atm P_sol

0.06

Pue

0.04

0.02

0.00 '
0.2 0.5 1.0 2.0 5.0 10.0 20.0

E (GeV)

X 3




Pvy —ve) = |y Poime 129210 4 /P, |?

For L = 1200 km
and sin® 26,5 = 0.04

0.10 At|H.19.S.-[Dher|lc + |S I1 I1|“ IIAI’ILII|II10|SI II1|e|rlc | ISolla|L1"I |—||—||Inf.
L

i [T

i 'l:: ,”l Nu: solid 6=m/2

A dashed 6=3m/2

oyl

0.08 P_atm P_sol

0.06

Pue

0.04

0.02

IIII|III
—_—

gy

0.00 L 1T | |||||||
0.2 0.5 1.0 2.0 5.0 10.0 20.0 0.5 1.0 2.0 5.0 10.0 20.0

E (GeV) E (GeV)

X 3 l Ehase varies '




Py,—>e ~ | \/Patme_i(A:m:(s) 'I‘ V Psol |2

Asymmetry
Peaks:

Neutrino—AntiNeutrino Asymmetry

0.8

byPsola_r________

A g

+ )]
0.6 .
=
— - . 9
|Q|-' LA ;é i
Ao 042/ N 5
- N C o
L CDA _ /2 AN 5 ]

w . Bg=T N .

- 0 : i
025 6m3, = 7.0 x 107° eV?® ~ N

L g..: - N

- »: ém3, = 2.5 x 1072 eV? T~

0.0 M |'||||||| ! |||||||| ! ||||||||' !

1073 1077 10~1

.2
sin®20 5



Py,—>e ~ | \/Patme_i(A:m:(s) 'I‘ V Psol |2

Asymmetry

|P—P|/|P+P|

P{Ltm < PEGE

0.8

0.6

0.4

0.2

0.0

Peaks:

Neutrino—AntiNeutrino Asymmetry

byPsola_r________

Chooz Excluded

'_ ¥ S B
i ' N i
V Fg{ Age=m/2 AN i
e . _
_S-.: 6m21 =7.0x 10_5 eV2 ~ - N
L Q. o J
- % 6émd = 25 x 107 eV R
_I I:IIIIII| | | IIIIII| | | IIIIII|: |_
1073 10—2 10-1
sin®26,,
sin® 26015 [ 0m2;\°
when sin® 263 < 5 2 ~ 0.001
tan 923 5?’]’131



In Matter:

p,—>e | \/Patme_z(Agzi(s) _I' V sol |2

sin(Asz1Fal) A31

where /P, ;,,, = sin 053 sin 2603

(Asz1Fal)
and \ Psol = COS 923 sin 2(912 Si?a(?j;) Agl

a = GrN./V/2 = (4000 km)~ !,



In Matter:

p,—>e | \/Patme_z(Agzi(s) _I' V sol |2

sin(Asz1Fal) A31

where /P, ;,,, = sin 053 sin 2603

(Az1Fal)
and \ Psol = COS (923 sin 2912 Si?a(?j;) Agl
For L = 1200 km a = GFNe/\/i — (4000 km)_l,

and sin” 26,3 = 0.04

Atmospheric + Solar:
010 H T T | T III‘[ | T T | T I|
L1 ]
-\ i
0.08 _—\\\\ Nu:Normal Inverted =
C o\ i
Lo ]
0.06 — \\ —
@ E i
i | ]
o, L \\ —
I ]
0.04— —
0.02 hy —]

0.2 0.5 1.0 2.0 5.0 10.0 20.0
E (GeV)



In Matter:

p,—>e | \/Patme_z(Agzi(s) _I' V sol |2
where \/ Patm = sin (923 Sin 2(913 sin(Ag1Fal) Agl

(Asz1Fal)
and \ Psol = COS 923 sin 2(912 si?a(zf) Agl

Anti-Nu: Normal Inverted

For L = 1200 km 1 dashes § = 7 /2
a = GrpN 2 = (4000 km)~ ", e
and sin® 260,53 = 0.04 F e/\/_ ( ) solid 6 = 37 /2

0.02 [y

010 Atmospheric + Solar: A AR B na

1l : [ ,' ey ]

e i L ]

R . TN . ]

0.08 __\\\\ Nu:Normal Inverted __ s ’ “l: I |’{“ Nu:Normal Inverted i

F : I R solid  6=n/2 ]

L\ - i rl : (h dashed 5=37T/2 _]

0.06 — — IR R i

o S . AN l i
2 - A J | i
n - l B

0.04— — i ]

0.2 0.5 1.0 2.0 5.0 10.0 20.0 20.0

E (GeV)




Off-Axis Beams | - =1 Y suppression

5 » On axis »
B N L I 9 94 ‘ - — 14 mrad uff—a;is
0 ] 2 4 : ? : Em* 10




Off-Axis Beams

BNL 1994

O

JHF — Super-Kamiokande

295 km baseline e S:LS‘
Super-Kamiokande: g S
22.5 kton fiducial . f,--;*’ s
Excellent e/p ID "J*‘ = o
Additional /e ID - Kamiokan nde 295k J.?‘“' -
Hyper-Kamiokande _,,s% Lo Sl e KBRS
e Fld e ST h G
ggﬁer;ﬂuual mass of .?&'l ‘Lt?ﬁum; i ﬁyméa
Matter effects small aom (e e

Study using fully
simulated and
reconstructed data

L=295 km and
Energy at Vac. Osc. Max. (vom)
dm3q

Eyom = 0.6 GeV/ {2.5><103 ev2}
0.75 upgrade to 4 MW

» On axis

-
—— 14 mrad off-axis

E. (GeV)

7 suppression



Off-Axis Beams

BNL 1994

0=

JHF — Super-Kamiokande

: =
295 km baseline P ,Iiaﬁi
‘ B
Super-Kamiokande: g S
22.5 kton fiducial . A
Excellent e/p ID T pai K
Additional n%/e ID Supr Kamiokands - 295kin J.?ﬁFg'm
R - TE[EE T
Hyper-Kamiokande [ . . 5 B
e » = = - % Tokyo i
20 fiducial mass of et APOIR T-FJ’" &
Superk 5.@' }t;, ; ,"”;?\T“‘ ”»~
Faka I‘Q':‘ ;I--..('; % =
Matter effects small S :

Study using fully
simulated and
reconstructed data

L=295 km and

Energy at Vac. Osc. Max. (vom)

2.5x1073 eV/?2

0.75 upgrade to 4 MW

2
E,.. =06 Gev{ Omiy

|

+ .
: | ] O
L
+
-
i * =
= -

T sSuppression

» On axis

-
—— 14 mrad off-axis

L=700 - 1000 km and

Energy near 2 GeV
2
Buum = 18 Gev {1

2.5x1073 eV?2
x {530 % )

0.4 upgrade to 2 MW




Sensitivity to sin® 2013




1.75

T TTT
J

1.50

III|I|‘{

1.25

|~
~. 1.00

«©
0.75
0.50

0.25

>~

II| ~

) /
| |/||/|||||/|

—_—

e

~~
IIII|I

0.00 :
0.001

dmz; > 0
dmz; < 0

0.003 0.010 0.030 0.100

.2
sin~20 4

Beam 1%

VOM: A31 7£ 7T/2

< T » Matter Effect:




T2K. VOM: A317£7T/2

2.00 ram— T
- ] < > Matter Effect:
1.75 = ~ —
r .
1.50 — —]
o5k E Aihara for T2K, P5 talk
N - ] N [ - \*T N - '
~. 1.00— — 9 - \
©© - . :‘;.’,150 B N\ Amtis=2Bx10 eV
0.75 e~ T [ ' , 4idb
- \ “© 400 - Ami13 =1.9%107 eV
C (- 3 i i
0.50 - = .g i /’ Am#13 = 3.0%1073 eV?
n = 50 | 4
0.25 = s 7 f / sintad, /= 1
- p y /3 - 2 Atn’12i318.2x10”° ¢V}
0.00_ | [ ||| 1/ | 1 /11 |||/| n 0 i /;/ 'l'/ ta’nZCuniG-"
0.001  0.003 0.010  0.030 0.100 - ////
. 2 i
-50
Sm2 0 sin~20 4 : V\ V\
Mgy > I N
2 (o) -100 |- KASKA 909 CHOOZ
150 \ \
- AN
10~ 10~ 10" 1
2
sin<20,,

Phase |
Sensitivity approx 0.5%



NOVA:

NOv

A: P(v, —> v,)

A

2.00 B
1.75 /
1.50

1.25

1.00

6/m

0.75

0.90

0.25

II|IIII|IIII|IIII|IIII|III

/III| AT
7

/
l/lﬂ L1

|

|llll|llll|llll|llll

—~
—
1111

‘Ll-l—l«l——l l"l'l/l|

/
|/111|

~
1111

0.00 ' '
0.001 0.003

dmz; > 0
dmz; < 0

0.010  0.030
.2
Sin~20 {4

0.100

Beam 1%



NOVA:

2.00 N|OVIAI EI)I(-IU|M _>I Ije)l |7T TT I| ] =
— 7 /] B
1.75 / g — ©
1.50 —]
1.25 —
S -
~. 1.00 p—
O \
0.75 \\—:
Ny
0.50 —
i
0.25 —
7 / /7]
0.00 ] L1 A ﬂ L1 Vi 1| n
0.001  0.003 0.010  0.030 0.100
Sin22613 B 19
2
omsy > 0 €am 17
2
oms; < 0 Phase |

Sensitivity approx 0.5%

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

NOVA @ NO-VE 2007

[ NOvA L=810km

L 12 km off axis
ﬁm232=

r 25107 oV?
el 2 —
sin“(26,.) = 1.0

- vonly

— 32.5x10%" pot

r— ﬁm2:> 0

- — Aam?< 0

[l :

-3 -1
10 2 10
sin"(20,,)

5 years with v only run



S/

NOvA: P(v, » v.) 7%
2.00 ( - e) A
1.75 — \\
- |
1.50 — |
- /
1.25—
1.00 — .
- ]
0.75 -/ ]
NG —
£25 :
0.50 — —]
I\ a
-\ ]
0.25 — —]
- \ ]
0.00 C Bl o111 | AWEAVERERYE! n
0.001 0.003 0.010 0.030 0.100
.2
Sin~20 4

Beam ~1%

dmsz; > 0
dmsz; <0

90% CL Sensitivity to sin2(2813} =0

o 2
L] i , NOvA
© 18 [ S,
16 [ @i
14 £ 3%
12 [
1 F L =810 km, 15 kT
- Am_2=2.410" oV?
0.8 | sin(26,,) = 1
06 [ 3 years at 700 kW,
- 1.2 MW, and 2.3 MW
0.4 N for each v and v
C — .—:t.m2 =0
0.2 — Am®<0
D_llll;‘fﬂ: Lo v by vy by

o

0.005

0.01

0.015 0.02 0.025 0.03
2 sin%(0,,) sin*(26,,)



Sensitivity to Hierarchy: sign dms3,

Correlations between

P(v, - v.) and P(v, — U.)



NOVA:

<P(v, —>v)> %

NOvA: E=2.3GeV and L=810km

IIII|IIII|IIII,IIII|IIII|||X|

(5m2<0/

'~
N\
[

+ 0

X m/2 ;
A /'
3% 3m/2 ,/'

/

>
Il

s, -7 sin®260,3=0.05

. ~

~

0

L/
'(I'-Iél/ I/I 1 1 1 | 1 11 1 | 111 1 | 1111 | I I |
1 2 3 4 o)

<P(v, —> v)> %

(o)



NOVA:

NOvA: E=2.3GeV and L=810km

| | L | L | L | | | LY. L
i ; ]
N om” < O/ ]
L . )
b F s R .
<o
A - o -
- 4r % 3m/2 / _
| = / -
A - -
| 3 >
i - -
2 - ]
A 21— . _
V — / —
L/ -
1= 7 s . —
-/, -7 sin®20,3=0.05 -
./, 7 i
’(I'-Iél/ I/I L1 1 | L1 11 | L1 11 | L1 11 | L1 1 I_
0 1 2 3 4 5

<P(v, —> V,)> %

(o)

T

L T> Ve)> %

<P(v

6

)]

2KF2K: E=0.6GeV and L=2995km

_I T T 1 | T 11 | T T 1 I/| T T T |/I T T 1 | T T 1 I_
— ‘ / p—
B om® < 0 ; 5
- / / ]
- 6= |
- A
- ]
- 01
) ’
L/ ’/' // 2 —
:,’/ R sin“260,3=0.05 ]
_I‘i'l//l‘i/l 1 11 | I I | | | I .| | | I | | 1 11 I_
0 1 2 3 4 5 6

<P(v, —> v)> %



S (m)

%]

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

o

95% CL Resolution of the Mass

Ordering
NOvA Alone

a2 .2
2 sin"(8,,) sin"(20,,)

Normal Ordering

Inverted Ordering

26

e o — 2
L NOvA e e L) [ L=810km,15kT e
- “© g L[ Am,2=2410"0V?
- [ sin“(26,) = 1
L _ - 2
C . 16 | am <0
:— : 1.4 | Syearsforeachvandv
. [ NOvA at 700 kW,
- 12 [ 1.2MW, and 2.3 MW
- L=810km, 15 kT e 1 L
- Am,2=2.4107 oV? i
C sin {2923) =1 0.8 L
r Am?>0 B
- ) 06
r 3 years foreachvand v C
= NOvVA at 700 kW, 04 L[
- 1.2MW, and 2.3MW r
- 02
r JRPEET bR [ NOvA
I I 1 1 | I 1 1 RS | L — -
0 0.05 0.1 0.15 L




95% CL Resolution of the Mass

Ordering
NOvA Plus T2K

- 2 : - 2 -
B I NOVA +T2K - E [ L=810km, 15kT
© 4e L S © s L[ Amy,2=2410"eV?
L 3 years for each vand v [ sin“(20,)=1
16 L i NOVA at 700 kW, 16 [ am’<o :
L . 1.2MW, and 2.3MW L :
14 [ + T2K 6 ysars of v 14 [ :
L at nominal, x2, and x4 N
12 | 12 | :
1 F L :
08 [ L=810km, 15KkT o8 |
: [ 3 2 - L
FAm 2 =24107 eV [ 3 years for each v and ¥
06 F sm2(2923) =1 06 L NOvA at 700 kW,
. Am® >0 N 1.2 MW, and 2.3 MW
04 04 [ + T2K 6 years of v
r [ > at nominal, x2, and x4
0z 02 | oo
t ; [ NOVA +T2K . .
0 e Y I S S B L
0
0 0.05 01 0.15 01 015

s 2 = 2
2 sin“(0,,) sin“(20,,)

Normal Ordering

=}
e
o
o

L2 .2
2 sin“(0,;) sin®(26,,)

Inverted Ordering

28



5 (m)

18 [
186 [
14 [

12 |

0.8

0.6

04 [

02 [

Ordering
NOvA Plus T2K

2 = 2
2 sin“(0,,) sin“(20,,)

Normal Ordering

95% CL Resolution of the Mass

; = - 2 -
[ NOVA + T2K . B [ L=810km, 15 kT
R © s L[ Amy,2=2410"eV?
3 years for each vand v [ sin“(20,)=1
NOVA at 700 kW, 16 [ am’<o :
1.2MW, and 2.3MW r
+ T2K 6 ysars of v 14 [
at nominal, x2, and x4 L
12 |
1 B
[ L=810km, 15kT
L NI 08
[ Amg,2=2410"eV" : N
[ sin(28,) =1 ; o
[ Am®>0 0.6 N
04
K 02 |-
K . [ NOVA+T2K ™.
.| L L L | L L L | F B
0.05 0.1 0.15 0 g ‘

3 years for sach v and v
NOvVA at 700 kW,

1.2 MW, and 2.3 MW
+T2K 6 years of v

at nominal, x2, and x4

0.05

I | h L I I |
0.1 0.15
2 sin%(0,,) sin(26,,)

Inverted Ordering

28

T2K + NOvA, Neutrino Only, sin22613=0.01,0.02,..,0.1

(2.5 deg)

N for T2K

[a—
N
)

100

T2K: 0.75 MW, 5 yrs, 22.5 kton

NOvA: 6.5¢20 POT/yr, 5 yrs, 30 kton, 24%

Normal
Inverted

ITITI]ITITIT

TTT

Y/ /4

IIII]IIIIITIIIIIITIIIIII

|

IlIlllllllllIl

NOvA: 12km (2.0 GeV) -

‘/llllllllllllllllllllllll—

0 50 100 150 200

Ne for NOvVA

250



Sensitivity to CP violation: sind

Events = efficiency * Fid.Mass * Protons on Target

(Power * Time)
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Narrow Band Beam: Same E, Longer L T2KK
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Fermilab to DUSEL (T2KK similar)

The 30 Reach of the Successive Phases
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Evolution of the Liquid Argon Physics Program
Ya|eEijoEEj ; Purity, electronics development

Luke & Bo “phased R&D program”
(:O _ Underground safety, cryo operation,
TPC performance, reconstruction
ArgoNeuT Cold electronics, evacuation

@CK)BOON@ _ requirement, tank construction,

insulation

LAr5 [R&D| Physics |
< near <> far Large Mass operation,

Technical & cost scaling
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Phase 1.5:
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Phase 2:

\ \ | ﬁ' NOVA w/ Project X
(2.3 MW, 120 Gev)\ or NOVA + LAr 5 kton w/ Project X:

| . enhancing sensitivity even further
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Toward “Proton Intensity Upgrade”
Evolutionary Path to a Neutrino Factor
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e First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination _ _
e New Interactions and Surprises !!!
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